Abstract. The aim of the present study was to investigate whether pyrroloquinoline quinine (PQQ) serve a radioprotective role in parotid gland damage induced by total body irradiation (TBI) in C57BL/6J mice. A total of 15 female 8-week-old C57BL/6J mice were randomly assigned into three treatment groups: i) Untreated control (no irradiation); ii) 4 gray (Gy) X-ray irradiation; iii) 4 Gy X-ray irradiation with additional dietary PQQ (4 mg PQQ/kg in normal diet). Each group included five mice. After 4 weeks, all animals were collected for evaluating the phenotype, body weight, pathological and biochemical parameters. The results indicated that PQQ had biological effects on total body phenotype. PQQ could partially rescue TBI-induced damage to parotid glands. In addition, PQQ served radioprotective effects on parotid glands via multiple mechanisms, such as promoting proliferation, inhibiting apoptosis and senescence, upregulating antioxidant ability, scavenging reactive oxygen species and reducing DNA damage. The results of the present study demonstrate that PQQ serves a radioprotective role in parotid gland damage induced by TBI, possibly via inhibiting oxidative stress and participating in DNA damage repair. The study provides experimental and theoretical knowledge for the development of radioprotective clinical drugs.
Introduction
Radiotherapy is one of the most effective and comprehensive treatments of head and neck malignant tumors, and is commonly used to treat cancers and alleviate cancer-associated symptoms (1) . However, radiation will bring a number of complications to patients, such as radioactive oral mucositis, rampant caries, dry mouth and radionecrosis of the jaw, which seriously hampers the quality of life of patients (2, 3) .
A previous study demonstrated that the mechanism of radiotherapy is to increase DNA double strand breaks to kill cancer cells (4) . However, radiotherapy also kills normal cells in the body. The radiation damage to normal cells may be caused by the direct or indirect effects of radiation. The atom and other targeting cell compartments are directly damaged by the radiation in the body, and radiation indirectly disrupts mitochondrial function, which results in damage to normal cells through the oxidative stress-mediated DNA damage response (5) . After the radiation causes the ionization of water, the reactive oxygen species (ROS) and hydroxyl free radicals are formed by oxidative stress, which results in the increase of DNA double strand breaks in targeting cells (5) . However, the radiation-induced DNA damage occurs in cancer cells and normal cells. Thus, it often causes relevant complications during or following radiotherapy.
In the course of radiotherapy, radiation decreases immune functions and generates excessive free radicals that interfere with biological functions. It is well established that non-lethal doses of total body irradiation (TBI) increase ROS levels produced by hematopoietic stem cells (HSCs), leading to premature senescence of HSCs (6) .
Pyrroloquinoline quinone (PQQ) was first identified as a novel cofactor of ethanol and glucose dehydrogenase in methylotrophic bacteria, and is now considered an important nutritional growth factor (7, 8) . It is well established that PQQ is a 4,5-dihydro-4,5-dioxo-1H-Pyrrolo [2,3-f] Quinoline-2,7,9-tricarboxylic acid, and is thought to be a bacterial glucose dehydrogenase redox cofactor, widely distributed in plants, bacteria, animals, food and a number of biological fluids. It is soluble in water and has thermal stability, and can be divided into oxidized and reduced forms (9, 10) .
Previous studies have demonstrated that PQQ has multiple physiological functions, such as promoting growth and reproduction (11) (12) (13) , neural and cardiovascular protection (14) (15) (16) , and enhancing the learning and memory function (17) , immune function and antitumor activities (18) . However, the underlying mechanism remains poorly understood. In addition, PQQ has been reported to be both an anti-oxidant and a pro-oxidant (19-21) that protects mitochondria from oxidative stress-induced damage (22). Further study defines PQQ as an ROS scavenger in oxidative stress (23) .
In vitro, it is well established that PQQ can continuously neutralize ROS to convert it to non-reactive molecular products and thereby protect plasmid DNA and protein from oxidative damage (23) . These results suggest that PQQ, as an ROS scavenger, may directly protect the mitochondrial function, and prevent premature senescence through the neutralization of ROS. Therefore, the present study hypothesizes that PQQ can inhibit oxidative stress, decrease the level of ROS, protect mitochondrial function, and serve a radioprotective role in parotid gland damage induced by TBI in C57BL/6J mice.
Materials and methods
Experimental animals. C57BL/6J mice (≤8 weeks old) were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). Mice were maintained in the Experimental Animal Center of Nanjing Medical University (Nanjing, China). All experimental procedures were performed in accordance with the United States National Institutes of Health Guidelines for Care and Use of Laboratory Animals. A total of 15 female C57BL/6J mice were assigned into the following three treatment groups: i) Untreated control (no irradiation); ii) 4 gray (Gy) X-ray; and iii) 4 Gy X-ray with additional dietary PQQ. Each group included 5 mice. All experiments were performed in compliance with and approval by the Institutional Animal Care and Use Committee of Nanjing Medical University.
Analysis of mice phenotype and body weight. In order to investigate the effect of PQQ on C57BL/6J mouse phenotype, in vivo, all animals were divided into three groups of 5 mice (no irradiation, 4 Gy and 4 Gy + PQQ). Statistical analysis was performed regarding phenotype and body weight in the different groups.
TBI and supplementary of dietary PQQ.
At the age of 8 weeks, one group of mice (n=5) were only fed with normal diet; the other two groups of mice (n=5 in both groups) received 4 Gy single-dose TBI by a Varian 600 CD linear accelerator and were fed a normal diet and PQQ-supplemented diet (4 mg PQQ/kg in the normal diet), respectively (24) . Four weeks later, all the mice were sacrificed for further analysis.
Histology. Parotid glands were collected and fixed in PLP fixative (2% paraformaldehyde containing 0.075 mol/l lysine and 0.01 mol/l sodium periodate) overnight at 4˚C, and were processed as previously described (25) . All samples were dehydrated and embedded in paraffin, and sectioned at 5 µm thickness using a rotary microtome. The sections were stained using standard haematoxylin and eosin (H&E) and masson trichrome. The degree of parotid glands fibrosis was graded according to the standardized guideline proposed by the Korean Study Group for Pathology of Digestive Diseases. Stained tissue sections were assessed for the detection of changes in the magnitude of parotid glands injury using a photomicroscope.
Evaluation of apoptotic cells by TUNEL staining.
Apoptosis of the fibroblasts of parotid glands was evaluated using the terminal deoxynucleotidyl transferase mediated dUTP nick end labeling (TUNEL) technique (20 mg/ml; cat. no. 21627; Chemicon International, Temecula, CA, USA), as previously described (26) . To count the TUNEL-positive cells in the parotid glands tissues, an ocular micrometer compatible with an Olympus BX51 microscope was used.
Immunohistochemical staining. Immunohistochemical staining was performed to detect proliferating cell nuclear antigen (PCNA), Ki-67, casepase-3, 8-hydroxydeoxyguanosine (8-OH-dG) and γH2AX, using the avidin-biotin-peroxidase complex technique with affinity-purified goat anti-rabbit PCNA antibody (cat. no. ab18197; 1:400; Abcam, Cambridge, UK), affinity-purified goat anti-mouse Ki67 (cat. no. ab8191; 1:400; Abcam), affinity-purified goat anti-mouse casepase-3 antibody (cat. no. ASP175; 1:100; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), affinity-purified goat anti-mouse 8-OH-dG (cat. no. DGMGL-B001) and γH2AX (cat. no. 95060) antibody (1:400; Santa Cruz Biotechnology, Inc.), as described previously (25) . Briefly, dewaxed and rehydrated paraffin-embedded sections were incubated with methanol-hydrogen peroxide (1:10) to block endogenous peroxidase activity and then washed in Tris-buffered saline (pH 7.6). The slides were then incubated with the primary antibodies overnight at room temperature. After rinsing with Tris-buffered saline for 15 min, sections were incubated with biotinylated secondary antibody (cat. no. 378C; 1:1,000; Sigma-Aldrich; Merck Millipore, Darmstadt, Germany). Sections were then washed and incubated with the Vectastain Elite ABC reagent (Vector Laboratories, Inc., Burlington, ON, Canada) for 45 min. After washing, brown pigmentation was likewise produced using 3,3-diaminobenzidine. Finally, the stained sections were counterstained with H&E staining. Images were acquired with a Leica microscope (Leica DM4000B) equipped with Leica software.
Western blot analysis. Proteins were extracted from parotid glands tissues and quantitated using a LightShift Chemiluminescent EMSA kit (cat. no. 20148; Bio-Rad Laboratories, Inc., Mississauga, Ontario, ON, Canada). Protein samples were fractionated by 10% SDS-PAGE and transferred to nitrocellulose membranes. Western blot was performed as described previously (25) using antibodies against B-cell lymphoma 2 (cat. no. SC7382; 1:500; BCL-2; goat anti-mouse; Santa Cruz Biotechnology, Inc.), PRDXI (cat. no. Rs-3875R) and PRDXIV (cat. no. H00010549-P) (goat anti-rabbit; 1:1,000) Abcam), superoxide dismutase (SOD)1 (cat. no. CSB-PA02864A0Rb) and SOD2 (cat. no. AbM51026-24-PU) (goat anti-rabbit; Abcam), casepase-3 (cat, no. ASP175; 1:100; goat anti-rabbit; Cell Signaling Technology, Inc., Danvers, MA, USA), γH2AX (cat. no. 95060; 1:400; goat anti-mouse; Santa Cruz Biotechnology, Detection of ROS levels. Parotid gland tissues were converted into single-cell suspensions containing 5x10 5 cells/ml. Briefly, parotid gland tissues were put in 1 ml ice PBS, ground on ice, and bone marrow cells were extracted. Then, cells were passed through a 200-400 mesh sieve, and centrifuged at 4˚C for 5 min at 250 x g. Then, the supernatant was discarded, cold PBS was added and the sample was converted into a single-cell suspension. 2',7'-dichlorofluorescein diacetate (DCFH-DA; Sigma-Aldrichl Merck Millipore) was used for the detection of intracellular ROS. Fluorescence intensity is proportional to oxidant production (27, 28) . DCFH-DA was added to parotid glands cell suspensions to yield final concentrations of 20 µmol/l. Then, the cells were incubated at 37˚C for 30 min in the dark, washed twice with 0.01 mol/l phosphate-buffered saline, and centrifuged at 300 x g for 5 min at 4˚C. ROS levels were measured by mean fluorescence intensity of 10,000 cells using a flow cytometer (BD Bioscience, Franklin Lakes, NJ, USA).
Computer-assisted image analysis. Following H&E staining, histochemical or immunohistochemical staining of sections from 15 C57BL/6J mice, images of selected fields were photographed with a SONY digital camera. Images of micrographs from single sections were digitally recorded using a rectangular template, and recordings were processed and analyzed using Northern Eclipse image analysis software, as described previously (25) .
Statistic analysis. All data are expressed as the mean ± standard error. Statistical analysis of numeration data were performed using the χ 2 test, while statistical analyses of measurement data were performed student's t-test. P<0.05 was considered to indicate a statistically significant difference.
Results

Effects of PQQ on the phenotype and body weight in C57BL/6J
mice. To investigate whether a PQQ-supplemented diet has effects on C57BL/6J mouse phenotype and body weight, statistical analysis was performed on the phenotype and body weight of different groups of mice. As shown in Fig. 1A and B, compared with the control (no irradiation mice), 4 Gy mice fed a normal diet showed significant body weight loss (P<0.05). However, 4 Gy mice fed a PQQ-supplemented diet experienced rescued total body size and significantly increased body weight (P<0.05), compared with 4 Gy mice fed a normal diet. These data suggest that a PQQ-supplemented diet partially rescues C57BL/6J mice phenotype and body weight compared with mice fed a normal diet following 4 Gy radiation.
Effects of PQQ on the morphology of parotid gland damage induced by TBI.
The study aimed to determine whether a PQQ-supplemented diet serves a radioprotective role in parotid gland damage induced by TBI. As shown by H&E staining ( Fig. 2A and B) , compared with mice fed a normal diet feeding only (no irradiation), mice (4 Gy) receiving 4 Gy TBI and a normal diet for 4 weeks showed expansion of acinar cell atrophy and disappearance of acinar cells, catheter expansion, catheter epithelia squamous metaplasia, interstitial fibrosis, inflammatory cell infiltration and proliferation of adipose tissue, and the emergence of a large quantity of fatty degeneration. Whereas mice (4 Gy + PQQ) receiving 4 Gy TBI and a PQQ-supplemented diet for 4 weeks showed increased acinar cells with regular arrangement, decreased degeneration of cytoplasmic cells, slightly swollen vascular wall in stroma, mild intraluminal hyperemia, normal catheter system and inflammatory reaction, and minimal fat vacuoles filled in the stroma compared with the 4 Gy group (Fig. 2B and C) . These data support that a PQQ-supplemented diet serves a protective role in parotid gland morphology induced by TBI compared with a normal diet.
Effects of PQQ on the fibrosis of parotid glands induced by TBI. Following moderate to high-dose irradiation, the stroma of human parotid and submandibular glands has been described as undergoing adiposis and fibrosis, respectively (29) . In addition, some stromal fibrosis has been observed in rat salivary glands (30) (31) (32) . Therefore, the present study investigated whether a PQQ-supplemented diet reduces fibrosis of parotid glands induced by TBI by performing Masson staining. The results showed that 4 Gy mice have significantly increased blue stained fibrous tissue in damaged parotid glands compared A B with mice exposed to no irradiation (P<0.001), while PQQ significantly alleviated the increase of fibrous tissues during TBI treatment (P<0.01), but was not fully rescued by a PQQ diet ( Fig. 3A and B) . These data suggested that PQQ inhibited stromal fibrosis of TBI mice parotid glands.
Effects of PQQ on the proliferation of parotid glands induced by TBI.
Since the number of acinar cells decreased in the parotid glands of 4 Gy mice, which was rescued by a PQQ-supplemented diet, it was determined whether the change in number of acinar cells was caused by the effects of TBI treatment and PQQ-supplemented diet on cell proliferation using immunohistochemical staining of PCNA and Ki67 ( Fig. 4A and B) . Results showed that numbers of PCNA and Ki67 positive cells were significantly decreased in the parotid gland of 4 Gy mice compared with mice not exposed to irridation (P<0.001; Fig. 4C and D) . However, a PQQ-supplemented diet significantly enhanced the PCNA and Ki67 positive cells in 4 Gy + PQQ mice compared with 4 Gy mice (P<0.01), but the overall levels remain lower than no irradiation mice ( Fig. 4C and D) .
Effects of PQQ on the apoptosis of parotid glands induced by TBI.
Since a decrease was observed in proliferation in parotid glands of 4 Gy mice and was partially rescued by a PQQ-supplemented diet, it was further examined whether TBI and PQQ also affect apoptosis using TUNEL and immunohistochemical staining of caspase-3 ( Fig. 5A and B) .
Results showed that few TUNEL-and caspase-3-positive apoptotic cells existed in no irradiation mice. However, TBI treatment significantly induced cell apoptosis (P<0.001). Importantly, a PQQ-supplemented diet significantly ameliorated the increase of apoptotic cells in 4 Gy mice (P<0.01), but the number of apoptotic cells remained higher than in no irradiation mice ( Fig. 5C and D) . These results show that TBI treatment decreases the acinar cell number by inhibiting 
Role of PQQ in DNA damage of parotid glands induced by TBI.
It is understood that the primary mechanism underlying radiotherapy of malignant tumors is to increase DNA double strand breaks. To determine whether PQQ reduces DNA damage of parotid glands induced by TBI, immunohistochemical staining of two most commonly used markers for double strand DNA breaks, 8-OH-dG and γH2AX, was performed ( Fig. 6A and B) . The results found that TBI treatment significantly induced cell DNA damage (P<0.001), as indicated by the expression of 8-OH-dG and γH2AX. This increased DNA damage was significantly reduced by a PQQ-supplemented diet (P<0.01; Fig. 6C and D) . Therefore, these results suggest that TBI treatment increases cell apoptosis by enhancing double strand DNA damage, which is be ameliorated by a PQQ-supplemented diet in 4 Gy mice.
Effects of PQQ on the cell cycle proteins of parotid glands induced by TBI.
It is well elucidated that cell proliferation and apoptosis are mediated by the expression and activation of tumor-suppressor, apoptotic and anti-apoptotic genes. The protein expression of P16, P19, P21, P27, P53, caspase-3 and Bcl-2 were examined (Fig. 7) . Results showed that TBI promoted the expression of tumor-suppressors P16, P19, P21, P27, P53 and apoptotic caspase-3, but inhibited the expression of anti-apoptotic Bcl-2. However, a PQQ-supplemented diet in TBI mice prevented the increased expression of P16, P19, P21, P27, P53 and caspase-3, and increased the expression of Bcl-2 (Fig. 7C, H and J-N) .
Role of PQQ in ROS and antioxidant proteins of parotid glands induced by TBI.
It has been demonstrated that TBI increases ROS levels and hydroxyl-free radicals by oxidative stress, which subsequently results in the increase of DNA double strand breaks (5). The results showed that PQQ-supplemented diet decreased TBI-induced double strand DNA breaks in parotid glands. To determine whether PQQ inhibits ROS formation, ROS levels were examined by flow cytometry (Fig. 8A) . The results showed that the increased ROS levels in TBI mice were significantly inhibited by a PQQ-supplemented diet (P<0.05; Fig. 8B ). To further explore whether this effect of PQQ was associated with the enhanced expression of various antioxidant proteins, a western blot was performed to examine the expression of PRDX I, PRDX IV, SOD1, SOD2 and DNA break maker, γH2AX (Fig. 7A) . Results showed that all the antioxidant proteins were downregulated in TBI mice and that DNA break maker, γH2AX, was upregulated compared with no irradiation mice, which was consistent with immunohistochemical staining results. Strikingly, the expression levels of all the antioxidant proteins were increased markedly and γH2AX was decreased significantly in 4 Gy+PQQ mice compared with 4 Gy mice (P<0.05; Fig. 7D-G and I ). These 
Discussion
Previous studies have shown that serous acinus cells are most vulnerable when subjected to TBI; even at moderate doses, cell degeneration and cell death occur (31, 32) . Dirix et al (33) confirmed that the greater lability of serous cells caused by radiation damage has been attributed to the generation of free radicals via transition metal ions, such as copper, ion, manganese and zinc, contained in their secretory proteins. However, there are few studies that investigate the radioprotectors for preventing secondary damage to parotid glands during TBI treatment. In the present study, a parotid gland animal model was established using TBI in mice to determine whether PQQ as an antioxidant serves a protective role in the injury of parotid glands. The results show that PQQ partially rescues phenotype and body weight loss in 4 Gy mice. The findings on the pathological, cellular and molecular levels of oxidative stress and antioxidant activity clearly demonstrate that PQQ-supplementary diet, at a dose of 4 mg PQQ/kg in normal diet, to TBI treated C57BL/6J mice significantly reduces acute parotid gland toxicity, which is a secondary complication of the irradiation. Since parotid glands are frequently included in the radiotherapy for the treatment of head and neck malignant tumors, their function is rapidly impaired during therapy. The energy exchange between gamma rays and the secretory cells that Figure 7 . Effects of PQQ on cell cycle proteins and antioxidant proteins of parotid glands induced by TBI. Representative C57BL/6J mice parotid gland western blots for the expression of (A) Bcl-2, PRDXⅠ, PRDX Ⅳ, SOD1, SOD2, caspase-3 and γH2AX, and (B) p16, p19, p21, p27 and p53. β-actin was used as loading control for western blots in no irradiation mice, 4 Gy mice and 4 Gy+PQQ mice respectively. (C) Bcl-2, (D) PRDXⅠ, (E) PRDX Ⅳ, (F) SOD1, (G) SOD2, (H) caspase-3, (I) γH2AX, (J) p16, (K) p19, (L) p21, (M) p27 and (N) p53 proteins expression levels relative to β-actin protein expression were assessed by densitometric analysis and expressed relative to levels of no irradiation mice. Each value is the mean + standard of determinations in five animals of the same groups. produce saliva leads to cell inactivation as a result of damage to DNA, lipids and proteins following the excessive production of ROS (5, 34) . In animal studies, it has been well elucidated that exposure to x-ray irradiation decreases tissue concentrations of vitamins C and E, both of which are considered to be nonenzymatic natural antioxidants and cell protective compounds (35, 36) .
Various studies have revealed significant impairment of salivary glands and >50% reduction in the function of parotid glands within a few days following different doses of irradiation from 2.5 to 10 Gy to the head and neck region in human subjects (37) (38) (39) . In addition, radiation-induced early damage to salivary glands has been demonstrated by a decreased salivary volume and diminished weights of salivary glands within 24 h after initiation of TBI in rats (40) . Based on this information, the present investigation showed that TBI induced acute toxicity of parotid glands, as expected, and PQQ exhibited protective effects on TBI-induced damage to parotid glands. This translational study manifested that PQQ could be a candidate for preventing TBI-induced parotid gland damage clinically.
However, there is no effective treatment for the deleterious effects of irradiation on salivary glands clinically. Therefore, research began to focus on substances called radioprotectors that may inhibit or reduce DNA damage. The action of these radioprotectors directly targeted to reduce free radicals formed by the interaction between ionizing irradiation and live tissues (41) (42) (43) . As a powerful antioxidant, PQQ may prevent the loss of secretory cells in parotid glands caused by TBI-induced oxidative stress. To the best of our knowledge, this is the first report to investigate the radio-protective role of PQQ.
In the current study, current knowledge on PQQ was extended by showing that treatment with a PQQ-supplemented diet did provide robust protection of parotid glands. As showed by the results, PQQ can rescue the damage to parotid glands in morphology, possibly by promoting cell proliferation and inhibiting cell apoptosis and DNA damage. However, the molecular mechanism underlying the radioprotective effects of PQQ on injury parotid glands induced by TBI remained unclear. Further results of the present study showed that PQQ inhibited the expression of cell cycle dependent kinase inhibitors and apoptotic genes, and upregulated various antioxidant proteins. Simultaneously, the results demonstrated that PQQ can reduce ROS levels of impaired parotid glands induced by TBI. Taken together, PQQ as an antioxidant is able to inhibit oxidative stress by decreasing levels of ROS, rescue cell survival by downregulating p53-p21, p16-Rb signaling pathways and the p53 apoptosis signaling pathway. Consequently, PQQ may serve protective effects against the injury of parotid glands.
In conclusion, the data suggest that treatment of TBI C57BL/6J mice with moderate doses of PQQ can significantly protect parotid glands from the deleterious effects of irradiation by inhibiting oxidative stress and participating in DNA damage repair. The present study provides experimental and theoretical knowledge for the research and development of radioprotective clinical drugs. As PQQ is a common product which is available as a dietary supplement, it can be given to patients receiving radiotherapy to avoid acute complications associated with parotid glands dysfunction. Thus, PQQ can significantly improve the life quality of those patients. Therefore, PQQ may be of clinical interest.
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